Research in context***Evidence before this study*Glioma is the most common and lethal primary malignant tumor of the central nervous system, and the prognosis of glioma patients is not ideal and the median survival time of glioma patients is only 12--15 months. Theories underlying glioma evolution, treatment resistance and recurrence support the existence and key role of glioma stem cells (GSCs). Therefore, our study of disordered genes in GSCs may provide possible treatment target for glioma molecular therapy. RORA can act as a transcription factor and play an important role in the cardiovascular diseases, chronic inflammation, immune insufficiency, cellular stress, tumorigenesis and other pathological processes. Moreover, RORA was reported playing an anti-tumor role in several cancers such as hepatocellular carcinoma, non-small-cell lung carcinoma, breast cancer, melanoma, ovarian cancer. However, there was no study about the possible role and effect of RORA in glioma.Added value of this studyOur study firstly found that RORA was lower expressed in gliomas and associated with good prognosis. Performing Gene Set Enrichment Analysis (GSEA) based on the TCGA and CGGA databases, we found that lower RORA expression was associated with the tumor necrosis factor mediated signaling pathway. Through both in vivo and in vitro experiments, we found RORA may possibly inhibit glioma proliferation and tumorigenesis via inhibiting TNF-α-mediated NF-κB signaling pathway. Moreover, since microRNAs (miRNAs) can cause degradation of target genes, we found the overexpression of miR-18a in glioma may be the possible reason for lower RORA expression in glioma.Implications of all the available evidenceWe confirmed that RORA expressed lower in higher grade glioma patients with a good prognosis and played tumor suppress effect. RORA can inhibit the proliferation and tumorigenesis of glioma cell lines and GSCs via inhibiting TNF-α-mediated NF-κB signaling pathway. Moreover, we found that lower RORA expression in glioma was caused due to the overexpression of miR-18a, which provided a novel pathway to regulate RORA. RORA might be a promising therapeutic target in glioma treatment.**Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Glioma is the most common and lethal primary malignant tumor of the central nervous system, accounting for 47.1% of all malignant tumors of this system [@bib0001]. Although great progress has been made in recent years in the treatment of glioma using surgery, chemotherapy, and radiotherapy, the therapeutic effects are still not satisfactory [@bib0002]. The prognosis of glioma patients are not ideal and the median survival time of these patients is only 12--15 months [@bib0003]. However, molecular targeting therapy may be one of the most promising therapies for glioma [@bib0004]. Theories underlying glioma evolution, treatment resistance, and recurrence support the existence and key roles of glioma stem cells (GSCs) [@bib0005]. Our study of disordered genes in GSCs may therefore provide possible treatment targets for glioma molecular therapy [@bib0006].

Retinoic acid receptor-related orphan receptor A (RORA) is the first identified member of the ROR subfamily of orphan receptors. It is widely expressed in multiple tissues, such as the brain, thymus, heart, liver, lung, gastrointestinal tissues, uterus, and skin \[[@bib0007],[@bib0008]\]. RORA can act as a transcription factor and bind to the specific DNA response elements in the promoter of target genes, leading to expression and structural changing of target genes [@bib0009], [@bib0010], [@bib0011]. RORA participates in the regulation of human metabolism and plays an important role in cardiovascular diseases, chronic inflammation, immune insufficiency, cellular stress, tumorigenesis, and other pathological processes [@bib0012], [@bib0013], [@bib0014], [@bib0015]. Moreover, RORA has been reported to play an anti-tumor role and is expressed in low amounts in several cancers such as hepatocellular carcinoma, non-small-cell lung carcinoma, breast cancer, melanoma, and ovarian cancer [@bib0016], [@bib0017], [@bib0018], [@bib0019]. For example, RORA can downregulate β-catenin and function as a tumor suppressor in endometrial cancer [@bib0015], and RORA can inhibit tumor cell proliferation via directly binding to the promoter of E2F1 and inhibiting its acetylation [@bib0020]. In addition, RORA attenuates Wnt-targeted gene expression in colon cancer cells [@bib0021]. Although RORA is expressed in the cerebellum, thalamus, hippocampus, and cerebral cortex, and participates in neurotransmission, neuroplasticity, and circadian rhythms, there has been no report about the possible role and effect of RORA in glioma [@bib0022], [@bib0023], [@bib0024], [@bib0025].

In the present study, we first found abnormally low RORA expression in glioma using bioinformatics analyses and detection of clinical specimens. Using gene set enrichment analysis (GSEA) and both in vivo and in vitro experiments, we found that RORA may possibly inhibit glioma proliferation and tumorigenesis via inhibiting the TNF-α-mediated NF-κB signaling pathway. Moreover, because microRNAs (miRNAs) can cause degradation of target genes, we found that overexpression of miR-18a in glioma may be the reason for the low expression of RORA in glioma \[[@bib0026],[@bib0027]\].

2. Materials and methods {#sec0002}
========================

2.1. Cell culture and cell treatment {#sec0003}
------------------------------------

Human glioma cell lines, T98G and LN229, were purchased from the American Type Culture Collection (Manassas, VA, USA). Human glioma cell lines, U87, U118, and U251, were purchased from the Chinese Academy of Sciences cell bank (Shanghai, China). Human glioma cell line H4, and U178 cells were purchased from iCell Bioscience (Shanghai, China). All glioma cell lines were maintained in Dulbecco\'s Modified Eagle\'s Medium (HyClone, Logan, UT, USA), supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO~2~. Normal human astrocytes were purchased from ScienCell Research Laboratories (San Diego, CA, USA) and maintained in astrocyte medium (ScienCell Research Laboratories). Six patient-derived primary GSCs with World Health Organization (WHO) grade II, III, and IV (WHO grade II: GSC2C and GSC2D; III: GSC3C and GSC3D; and IV: GSC4C and GSC4D) were cultured as previously described [@bib0028]. The detailed clinicopathological information is presented in Supplementary Table 1. The stemness of GSCs was detected by immunofluorescence staining of CD133 or nestin (Abcam, Cambridge, UK) and the multi-lineage differentiation capacity of GSCs was shown via immunofluorescence staining of GFAP and βIII tubulin (Abcam). Human recombinant TNF-α was reconstituted with distilled H~2~O to make a final concentration of 1.0 mg/mL, and treated at a concentration of 10 ng/mL.

2.2. Patients and samples {#sec0004}
-------------------------

Seventy clinical samples from glioma patients were collected from January 2007 to December 2011 at the First Affiliated Hospital of China Medical University [@bib0029]. Another ten acute brain injury samples from patients were collected as the control group during the same period. Clinical information for these samples is outlined in supplementary Table 2. This study was approved by the ethics committee of the First Affiliated Hospital of China Medical University, and written informed consent was obtained from every patient.

2.3. Lentiviral vector construction and transfection {#sec0005}
----------------------------------------------------

The lentivirus-based vectors for RORA overexpression, RNAi-mediated knockdown of RORA, miR-18a inhibitor, and its negative control were all obtained from Gene-Chem (Shanghai, China). Two siRNA sequences were designed for RORA silencing, the sequences were as follows: RORA-KD1, forward: 5′-GAUGUGUGGUGCUAGACAAGU-3′, reverse: 5′- UUGUCUAGCACCACACAUCAG-3′. RORA-KD2, forward: 5′- GGAGAAGUCAGCAAAGCAAUG-3′, reverse: 5′- UUGCUUUGCUGACUUCUCCUG-3′. MiR-18a inhibitor sequence: 5′-CUAUCUGCACUAGAUGCACCUUA-30. MiR-18a inhibitor negative control sequence: 5′-CAGUACUUUUGUGUAGUACAA-3′. The lentivirus transfection was performed as previously described \[[@bib0027],[@bib0028]\].

2.4. Real-time PCR {#sec0006}
------------------

Real-time PCR was performed as previously described [@bib0028]. The total RNA of glioma cells was extracted using the Mini-BEST Universal RNA Extraction kit (TaKaRa, Kyoto, Japan), following first-strand cDNA synthesis using the Prime-Script RT Master Mix (TaKaRa). Finally, the qPCR assays were detected using the SYBR Green Master Mix (TaKaRa) with PCR LightCycler480 (Roche Diagnostics, Basel, Switzerland). The sequences for PCR primer pairs were as follows: *RORA*, forward: 5′-ACTCCTGTCCTCGTCAGAAGA-3′, and reverse: 5′-CATCCCTACGGCAAGGCATTT-3′; *TNF-α*, forward: 5′-CCTCTCTCTAATCAGCCCTCTG-3′, and reverse: 5′-GAGGACCTGGGAGTAGATGAG-3′; β-actin, forward: 5′-CATGTACGTTGCTATCCAGGC-3′, and reverse 5′-CTCCTTAATGTCACGCACGAT-3′.

2.5. Western blotting {#sec0007}
---------------------

Western blotting was performed as previously described [@bib0028]. Briefly, the total proteins of glioma cells or tissues were isolated using a total cell protein extraction kit (KeyGen Biotechnology, Nanjing, China), followed by electrophoresis and transfer to a nitrocellulose membrane, then blocked with 2% bovine serum albumin (KeyGen Biotechnology). The primary antibodies against RORA (1:1000; Abcam), TNF-α (1:1000; Abcam), p-p65 (1:1000; Cell Signaling Technology, Danvers, MA, USA), p65 (1:1000; Cell Signaling Technology), p-IκBα (1:1000; Cell Signaling Technology), IκBα (1:1000; Cell Signaling Technology), p-IKKα/β (1:1000; Cell Signaling Technology), IKKα (1:5,00; Cell Signaling Technology), IKKβ (1:500; Cell Signaling Technology), and β-actin (1:2000; ProteinTech, Chicago, IL, USA) were used to incubate overnight at 4 °C. Following secondary antibodies (ProteinTech) incubation, the bands were detected using a chemiluminescence ECL kit (Beyotime Biotechnology, Beijing, China) and quantified using Image J software (National Institutes of Health, Bethesda, MD, USA).

2.6. Immunohistochemistry (IHC) {#sec0008}
-------------------------------

IHC was performed as previously described [@bib0028]. Briefly, the tumor tissues were embedded in paraffin, sliced into 4 μm sections, and labeled with primary antibody against RORA (1:100; Abcam), Ki-67 (1:100; Abcam), and TNF-α (1:100; Abcam). The slices were then stained with an immunohistochemical labeling kit (MaxVision Biotechnology, Fuzhou, China) and imaged under a light microscope (Olympus, Tokyo, Japan). The German immunohistochemical score(30) was used to evaluate the staining intensity and expression levels.

2.7. Immunofluorescence {#sec0009}
-----------------------

Immunofluorescence staining was performed as previously described [@bib0028]. Briefly, the glioma cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, blocked with 5% bovine serum albumin, and probed with primary antibodies against CD133, nestin, GFAP, and βIII-tubulin (1:100; Abcam) at 4 °C overnight, followed by treatment with fluorescein isothiocyanate- or rhodamine-conjugated secondary antibodies. The cells were then counterstained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich, St. Louis, MO, USA). Staining was visualized using a laser scanning confocal microscope (Olympus).

2.8. Cell viability assay {#sec0010}
-------------------------

The glioma cells and GSCs treated under different conditions were seeded into 96-well plates at 1 × 10^3^ cells/well and cultured for 5 days. Cell viability was detected using the CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay Kit (Promega, Madison, WI, USA) according to the manufacturer\'s instructions [@bib0030].

2.9. Edu assay {#sec0011}
--------------

The glioma cells and GSCs treated under different conditions were seeded into 24-well plates at 1 × 10^5^ cells/well for 24 h, and an EdU assay kit (Beyotime Biotechnology) was used according to the manufacturer instructions. The percentage of EdU-positive cells was calculated using a laser scanning confocal microscope (Olympus).

2.10. Neurosphere formation assay and in vitro limiting dilution assay {#sec0012}
----------------------------------------------------------------------

The neurosphere formation assay was performed as previously described [@bib0030]. Briefly, GSCs were seeded into 24-well plates at a density of 200 cells/well and cultured in fresh medium for 7 days. The relative neurosphere size and number of neurospheres were counted using a light microscope (Olympus). For in vitro limiting dilution assay, GSCs were seeded into 96-well plates at a gradient of 1, 10, 20, 30, 40 or 50 cells per well, with 10 replicates for each gradient. The number of neurospheres in each well was observed after 7 days incubation, and the sphere formation efficiency were calculated using the Extreme Limiting Dilution Analysis (<http://bioinf.wehi.edu.au/software/elda>) [@bib0031].

2.11. Luciferase reporter assay {#sec0013}
-------------------------------

Luciferase reporter assays were performed as previously described \[[@bib0029],[@bib0030]\]. Briefly, the TNF-α reporter plasmids were constructed by Gene-Chem (Shanghai, China). The glioma cells and GSCs were seeded into 96-well plates at a density of 5 × 10^3^ cells/well and transfected with wild-type TNF-α or mutant type reporter plasmids for 48 h. The luciferase activities were then detected using a Dual-Luciferase Reporter Assay System (Promega).

2.12. Enzyme-linked immunosorbent (ELISA) {#sec0014}
-----------------------------------------

An ELISA was performed as previously described [@bib0028]. The commercially available ELISA kits (Cusabio, Stratech, UK) were used to detect the concentrations of TNF-α, IL1β, IL6, IL8, IL10, IP-10, MCP1, and RANTES in the media supernatants of the glioma cells and GSCs. All readings were normalized to the protein concentration in the control groups.

2.13. Cell cycle analysis {#sec0015}
-------------------------

The glioma cells and GSCs treated under different conditions were harvested, washed with phosphate-buffered saline, and fixed with 70% ice-cold ethanol for 12 h at 4 °C. The fixed cells were then incubated with propidium iodide (Beyotime Biotechnology) and 10 mg/mL RNase I (KeyGEN Biotechnology') for 30 min, followed by flow cytometry analyses (BD Biosciences, Franklin Lakes, NJ, USA).

2.14. Xenograft experiments {#sec0016}
---------------------------

Xenograft experiments were performed in accordance with the Animal Care Committee of China Medical University. Six-week-old female BALB/c nude mice (Beijing Vital River Laboratory Animal Technology, Beijing, China) were bred in the Laboratory Animal Center of China Medical University under specific pathogen free conditions. The GSCs treated under different conditions were orthotopically injected into the mouse brain at 2 mm lateral and 2 mm anterior to the bregma via a stereotaxic apparatus (5 × 10^4^ cells per mouse). Each group with five mice was observed daily for signs of distress or death, and the tumor volume was calculated according to the formula: *V* = (*D* × d^2^)/2, where D represented the longest diameter and d represented the shortest diameter.

2.15. Bioinformatics analysis {#sec0017}
-----------------------------

The data on RORA mRNA expression, WHO grades, isocitrate dehydrogenase (IDH) status, and survival times of glioma patients were obtained from the Chinese Glioma Genome Atlas (CGGA, <http://www.cgga.org.cn>) using the RNA-seq platform and The Cancer Genome Atlas (TCGA, <http://cancergenome.nih.gov>) in HG-U133A platforms. GSEA (<http://www.broadinstitute.org/gsea/> index.jsp) was used to find enrichment of signal pathways between high and low RORA expression groups. Four online miRNA databases, Starbase (<http://starbase.sysu.edu.cn>), TargetScan ([www.targetscan.org](http://www.targetscan.org){#interref2007}), microRNA (<http://www.microrna.org/microrna/home.do>), and miRDB (<http://mirdb.org>), were used to predict the possible miRNAs that targeted RORA by examining the RORA 3′-UTR with bioinformatics algorithms [@bib0032].

2.16. Statistical analysis {#sec0018}
--------------------------

All experiments were repeated at least three times and the results are expressed as the mean ± SD. The chi-square test and two-tailed Student\'s *t*-test were used for comparisons of two independent groups. One-way analysis of variance was used to evaluate the statistical significance among three or more groups. Pearson\'s correlation analysis was used to evaluate the correlation between two groups. The log-rank test and Kaplan-Meier analysis were used to analyze the survival rates of each group. Statistical analysis was performed using SPSS 23.0 software (IBM, Armonk, N.Y, USA). Two-tailed P values \< 0.05 were considered significant.

3. Results {#sec0019}
==========

3.1. RORA is expressed in low amounts in glioma and is associated with a good prognosis {#sec0020}
---------------------------------------------------------------------------------------

To investigate the possible role of RORA in glioma, we first analyzed the RORA expressions in TCGA and the CGGA databases. Glioblastoma (WHO IV) patients showed low RORA expressions than WHO grade II and grade III glioma in both TCGA and the CGGA databases ([Fig. 1](#fig0001){ref-type="fig"}(a) and (b); WHO IV vs II/III: TCGA: *P* \< 0.001, CGGA: *P*= = 0.0306; GBM vs glioma: TCGA: *P* \< 0.001, CGGA: *P*= = 0.0077; Student\'s *t*-test). Then, we characterized the relationship between RORA and IDH status, which showed that RORA was highly enriched in IDH mutant type patients in both the CGGA and TCGA databases ([Fig. 1](#fig0001){ref-type="fig"}(a); TCGA: *P* \< 0.001; CGGA: *P*= = 0.016; Student\'s *t*-test). Furthermore, RORA overexpression was associated with increased survival rates in both TCGA and the CGGA databases according to Kaplan-Meier survival analyses (Fig. S1(a) and (e)). Moreover, we analyzed the separate prognostic significance of RORA according to glioma WHO grades. Surprisingly, although low RORA expression showed a shorter median survival time than high RORA expression in all grade 2, grade 3, and grade 4 glioma patients, a statistical difference was only found in grade 4 glioma of TCGA datasets (median survival time of low RORA vs high RORA: 12.5 vs 15 months, *P*= = 0.0318; Fig. S1(b)--(d), (f)--(h)). These results suggested that low RORA expression may be associated with a poor prognosis mainly in GBM or grade 4 gliomas.Fig. 1Retinoic acid receptor-related orphan receptor A (RORA) is expressed at low levels in glioma. (a) and (b): the expressions of RORA are shown according to World Health Organization grades, GBM and LGG, and IDH status in The Cancer Genome Atlas (TCGA) (a) and the Chinese Glioma Genome Atlas (CGGA) (b) glioma datasets. (c), (d) and (e) The qPCR (c), western blots (d), and IHC (e) showed that RORA was expressed at low levels in glioma patients with different grades of disease, compared with normal brain tissue (NBT), (grade II, *n* = 20; grade III, *n* = 25; grade IV, *n* = 25; NBT *n* = 10; *P* \< 0.001; one-way analysis of variance). Scale bar = 50 μm. All data are shown as the mean ± SD (from three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig 1

We next evaluated the expressions of RORA in 70 glioma patients and 10 normal brain tissues. All results (i.e., qPCR, western blotting, and IHC) showed that the expression of RORA in glioma was significantly low than that in normal brain tissues. In addition, the expression was significantly decreased with high glioma WHO grades ([Fig. 1](#fig0001){ref-type="fig"}(c)--(e), supplementary Table 2). Furthermore, Kaplan--Meier survival analyses showed that the median survival time of all glioma patients with high RORA expression was 70 months compared with 29 months for patients with low RORA expression (*P* \< 0.0001). The survival time of glioma patients with high RORA expression was therefore significantly longer than that of the low expression group (Fig. S1(i); *P* \< 0.0001). The separate prognostic significance of RORA were furtherly analyzed according to glioma WHO grades. Low RORA expression showed a shorter median survival time than high RORA expression in both WHO grade 3 and grade 4 glioma patients (Fig. S1(j)--(l)). Finally, both Cox univariate and multivariate analyses showed that RORA expression, WHO grades and IDH status were independent prognostic factors of glioma patients ([Table 1](#tbl0001){ref-type="table"}).Table 1Cox univariate and multivariate analysis of glioma patients.Table 1Univariate analysisMultivariate analysisFactorsCategories*Χ*^2^*P* valueHR*P* value**Gender**Male/female0.05850.80890.63230.2735**Age**≤50/\>500.14260.70570.63660.3324**WHO grade**Grade II13.6665**0.0011**0.2404**0.0090**Grade IIIGrade IV**IDH status**Mutant/wild11.5877**0.0007**0.1343**0.0006RORA expression**High/low15.6610**\<0.0001**0.2559**0.0041**

Moreover, we successfully isolated GSCs from six patient glioma samples representing different pathological diagnoses (e.g., WHO grade II, III, or IV). The six GSC populations were designated GSC2C and GSC2D (WHO grade II), GSC3C and GSC3D (WHO grade III), and GSC4C and GSC4D (WHO grade IV). All GSCs were confirmed via immunofluorescence staining of the stem cell markers, CD133 and nestin (Fig. S2(a)), and differentiation markers, GFAP and β-III tubulin (Fig. S2(b)). Western blotting and qPCR also showed that RORA was expressed at high levels in the WHO grade II GSCs (GSC2C and GSC2D) compared with those in the WHO grade IV GSCs (GSC4C and GSC4D) (Fig. S2(c); d, *P* \< 0.001; one-way analysis of variance). We also compared the expressions of RORA in common glioma cell lines and normal human astrocytes using western blotting and qPCR, and found that the expressions of RORA in common glioma cell lines were all low than those of normal human astrocytes (Fig. S2(c), e; *P* \< 0.001; one-way analysis of variance). Based on these results, there was a significantly low expression of RORA in glioma, with a significant correlation between the expression of RORA and good patient prognoses.

3.2. RORA regulates the growth of glioma cells {#sec0021}
----------------------------------------------

To determine the effect of RORA on the proliferation of glioma tumor cells and GSCs, T98G and GSC4D with the lowest RORA expressions were chosen for overexpression (Fig. S2(c)--(e)). Both western blotting and qPCR confirmed RORA overexpression ([Fig. 2](#fig0002){ref-type="fig"}(a) and (b)). MTS and EdU assays confirmed that T98G and GSC4D proliferations decreased following RORA overexpression ([Fig. 2](#fig0002){ref-type="fig"}(c)--(e)). Furthermore, the neurosphere formation rate and relative size of neurospheres formed by GSC4D were significantly smaller than the control group following RORA overexpression ([Fig. 2](#fig0002){ref-type="fig"}(f)). Limiting dilution assays also showed that the tumor formation incidence decreased after RORA overexpression in GSC4D ([Fig. 2](#fig0002){ref-type="fig"}(g)). Moreover, cell cycle assays showed that RORA overexpression induced cell cycle arrest and increased both the percentage of cells in subG0 and G0/G1 phases, while the percentage of cells in S phase decreased in both T98G and GSC4D cells ([Fig. 2](#fig0002){ref-type="fig"}(h)).Fig. 2Retinoic acid receptor-related orphan receptor A (RORA) overexpression inhibited glioma proliferation in vitro. (a) and (b) The lentiviral-based overexpression of RORA was detected by qPCR (a), T98G cells; *P \<* 0.001; GSC4D; *P\<* 0.001; Student\'s *t*-test) and western blots (b). (c) and (e) MTS assays showed the cell viability of T98G cells (c) *P* \< 0.001; one-way analysis of variance and GSC4D (e) *P \<* 0.001, one-way analysis of variance was decreased after RORA overexpression. (d) The Edu assay showed that the proliferations of T98G cells and GSC4D were decreased after RORA overexpression. (T98G cells: *P* \< 0.001, GSC4D: *P* \< 0.001; Student\'s *t*-test). Scale bar = 50 μm. (f) and (g) The neurosphere formation assay (f) and limiting dilution assays (g) showed the self-renewing capacity of GSC4D decreased after RORA overexpression (neurosphere size: *P* \< 0.001, neurosphere number: *P* \< 0.001; Student\'s *t*-test). Scale bar = 20 μm. (h) Cell cycle assay showed the effects of RORA on cell cycle distributions in T98G and GSC4D. (T98G cells: *P* \< 0.001, GSC4D: *P* \< 0.001; Student\'s *t*-test). All data are shown as the mean ± SD (from three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig 2

To further evaluate the effects of RORA on the growth of glioma tumor cells and GSCs, we designed two siRNA sequences with a lentivirus envelope, to silence RORA expression. We chose U87 and GSC2C for lentiviral infection due to their highest RORA expressions among all the available cells (Fig. S2(c)--(e)). Both western blotting and qPCR were performed to confirm that the expression of RORA was knocked down in both U87 and GSC2C following transfection of RORA siRNA (Fig. S3(a) and (b)). Furthermore, knockdown of RORA expression significantly increased the growth of U87 cells and GSC2C as determined by the MTS and EdU assays (Fig. S3(c)--(e)). In addition, RORA siRNA infection of GSC2C also increased the rate of neurosphere formation and size of the neurospheres, when compared to the control group (Fig. S3(f), (g), and (h)). Together, these results confirmed that RORA played a role in regulating glioma proliferation, and further confirmed that a high level of RORA expression inhibited the growth of glioma cells.

3.3. RORA negatively affected transcription and downregulated the expression and secretion of TNF-α {#sec0022}
---------------------------------------------------------------------------------------------------

To identify the specific signaling pathways of RORA involved in gliomas, we performed GSEA based on TCGA and the CGGA databases. We found that low RORA expression was associated with the tumor necrosis factor-mediated signaling pathway ([Fig. 3](#fig0003){ref-type="fig"}(a)). Therefore, we detected the expression changes of TNF-α after RORA overexpression or knockdown. All qPCR, western blotting, and ELISA assays showed that the expression and secretion of TNF-α was downregulated after RORA overexpression, while the opposite results were obtained after RORA knockdown ([Fig. 3](#fig0003){ref-type="fig"}(b)--(e)). Furthermore, we detected the mRNA expressions of RORA and TNF-α in our clinical glioma specimens, which showed significant negative correlations between RORA and TNF-α expressions in WHO grade II (*r* = −0.3714, *P* = 0.0485), grade III (*r* = −0.4322, *P* = 0.0309), and grade IV (*r* = −0.5319, *P* = 0.0062), separately as well as in total patients (*r* = −0.6270, *P* \< 0.001; [Fig. 3](#fig0003){ref-type="fig"}(f)). Moreover, because RORA is a transcription factor, we investigated whether RORA transcriptionally regulated the expression of TNF-α ([Fig. 3](#fig0003){ref-type="fig"}(g) and (h)). Using luciferase reporter assays, the relative luciferase activity of TNF-α increased after RORA knockdown in U87 cells and GSC2C, while the relative luciferase activity of TNF-α decreased after RORA overexpression in T98G cells and GSC4D ([Fig. 3](#fig0003){ref-type="fig"}(i) and (j)).Fig. 3Retinoic acid receptor-related orphan receptor A (RORA) inhibits the transcription and expression of TNF-α. (a) Gene set enrichment analysis indicated that high expression of RORA was negatively associated with the tumor necrosis factor-mediated signaling pathway in both TCGA and CGGA databases. (b)--(e) The expression and secretion of TNF-α after RORA overexpression or knockdown were detected by qPCR (b), RORA overexpression: T98G: *P* \< 0.001, GSC4D: *P* \< 0.001, Student\'s *t*-test; RORA knockdown: U87 cells: *P* \< 0.001, GSC2C: *P* \< 0.001, one-way analysis of variance, western blots (c) and ELISA (d) and (e). (f) The mRNA expression correlation between RORA and TNF-α in 70 cases of glioma patients were detected by qPCR. (g) Sequence motif representing the consensus RORA binding motif (JASPAR database). (h) Schematic representation of the human TNF-α promoter region. (i) and (j) RORA knockdown ((i), U87 cells: *P* \< 0.001, GSC2C: *P* \< 0.001, one-way analysis of variance) or overexpression ((j), T98G cells: *P* \< 0.001, GSC4D: *P* \< 0.001, Student\'s *t*-test) altered the luciferase promoter activities of TNF-α. All data are expressed as the mean ± SD (from three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig 3

3.4. RORA inhibits the TNF-α mediated NF-κB signaling pathway {#sec0023}
-------------------------------------------------------------

Because TNF-α plays a vital role in promoting tumorigenesis, proliferation, metastasis, and inhibiting apoptosis via the NF- κB signaling pathway, we further detected its downstream molecular expression. Based on the results of western blotting, the expressions of TNF-α, p-P65, p-IκBα, and p-IKKα/β were all significantly downregulated after RORA overexpression in U87 cells and GSC2C ([Fig. 4](#fig0004){ref-type="fig"}(a)). Conversely, the expressions of all these molecules were significantly upregulated following RORA knockdown in T98G cells and GSC4D ([Fig. 4](#fig0004){ref-type="fig"}(b)). We further detected the secretion levels of proinflammatory cytokines regulated by the NF-κB signaling pathway using ELISA assays. The results showed that secretion of the NF-κB-regulated cytokines (i.e., IL1β, IL6, IL8, IL10, IP-10, MCP1, and RANTES) were all decreased after RORA overexpression and increased after RORA knockdown ([Fig. 4](#fig0004){ref-type="fig"}(c) and (d)). Together, these results suggested that RORA inhibited glioma proliferation via negative transcriptional effects and downregulation of the expression and secretion of TNF-α, which further inhibited the NF-κB signaling pathway.Fig. 4Retinoic acid receptor-related orphan receptor A (RORA) participates in the TNF-mediated NF-κB signaling pathway. (a) and (b) Western blots showed that the downstream targets of NF-κB signaling pathway were regulated after RORA overexpression (a) or knockdown (b). (c) and (d) RORA overexpression (c) and knockdown (d) regulated the secretion of proinflammatory cytokines in glioma cells and GSCs as measured by an ELISA. All data are shown as the mean ± SD (from three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig. 4

3.5. Recombinant TNF- α treatment abrogates the inhibiting effects of RORA {#sec0024}
--------------------------------------------------------------------------

To identify whether RORA inhibited glioma proliferation via the TNF-α-mediated NF-κB signaling pathway, human recombinant TNF-α was treated with RORA-overexpressed T98G cells and GSC4D. Both the MTS and EdU assays confirmed that TNF-α treatment promoted the proliferation of empty vector-transfected T98G cells and GSC4D ([Fig. 5](#fig0005){ref-type="fig"}(a)--(c)). RORA overexpression-induced proliferation inhibition was also reversed after TNF-α treatment ([Fig. 5](#fig0005){ref-type="fig"}(a)--(c)). The neurosphere formation rate and relative size of neurospheres formed by GSC4D were also greater after TNF-α treatment, when compared with the control group ([Fig. 5](#fig0005){ref-type="fig"}(d) and (e)). Also, TNF-α treatment reversed the RORA overexpression-induced low neurosphere formation rate and relative size of neurospheres ([Fig. 5](#fig0005){ref-type="fig"}(d) and (e)). Limiting dilution assays also showed the similar results ([Fig. 5](#fig0005){ref-type="fig"}(g)). Moreover, we detected the NF- κB signaling pathway after TNF-α treatment. The expression of p-P65, p-IκBα, and p-IKKα/β were all significantly increased after TNF-α treatment in T98G cells and GSC4D. Similarly, RORA overexpression-induced downregulation of p-P65, p-IκBα, and p-IKKα/β were all reversed following TNF-α treatment in T98G cells and GSC4D ([Fig. 5](#fig0005){ref-type="fig"}(f)). Based on these results, we suggested that RORA-induced proliferation inhibition of glioma was abrogated following recombinant TNF- α treatment.Fig. 5Recombinant TNF-α treatment abrogates the proliferation inhibiting effects of RORA. (a) The MTS assay showed that the inhibited cell viability of T98G cells and GSC4D after RORA overexpression was reversed after recombinant TNF-α treatment (T98G cells: *P* \< 0.001, GSC4D: *P* \< 0.001, one-way analysis of variance). (b) and ( c) The Edu assay showed that the inhibited proliferation of T98G cells and GSC4D after RORA overexpression was reversed following recombinant TNF-α treatment (T98G cells: *P* \< 0.001, GSC4D: *P* \< 0.001, one-way analysis of variance). Scale bar = 50 μm. (d), (e) and (g) The neurosphere formation assay (d) and (e) and limiting dilution assays (g) showed the inhibited self-renewing capacity of GSC4D after RORA overexpression was reversed after recombinant TNF-α treatment. (neurosphere size: *P* \< 0.001, neurosphere number: *P \<* 0.001, one-way analysis of variance). Scale bar = 20 μm. (f) Western blots showed the inhibited downstream targets of NF-κB signaling pathway after RORA overexpression was activated following recombinant TNF-α treatment. All data are shown as the mean ± SD (three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig. 5

3.6. miR-18a negatively regulates RORA expression through binding with the 3′-UTR of RORA {#sec0025}
-----------------------------------------------------------------------------------------

We further studied the possible causes of low RORA expression in gliomas. miRNAs are one of the most common causes of low expression of target genes, which lead to the degradation of downstream target genes via acting on its 3′-UTR [@bib0026]. We therefore used four databases, including Starbase, TargetScan, microRNA, and miRDB, to predict if miRNAs regulated RORA. miR-18a was the only intersection among these four databases ([Fig. 6](#fig0006){ref-type="fig"}(a) and (c); Supplementary Table 3). We first detected mRNA expression of miR-18a and RORA in our clinical glioma specimens, which showed a significant negative correlation between miR-18a and RORA expression ([Fig. 6](#fig0006){ref-type="fig"}(b)). Moreover, the negative correlation was increased with glioma grades, and was highest in glioma IV ([Fig. 6](#fig0006){ref-type="fig"}(b)). According to the results of qPCR and western blotting, the expression of RORA was significantly upregulated after miR-18a inhibitor treatment in T98G cells and GSC4D ([Fig. 6](#fig0006){ref-type="fig"}(d) and (e)), while the opposite results were obtained after miR-18a mimic treatment in U87 cells and GSC2C (Fig. S4(a) and (b)). We further performed luciferase reporter assays ([Fig. 6](#fig0006){ref-type="fig"}(f)), and found that the relative luciferase activity of RORA increased after miR-18a inhibitor treatment in T98G cells and GSC4D cells ([Fig. 6](#fig0006){ref-type="fig"}(g) and (h)). The opposite results were also obtained after miR-18a mimic treatment in U87 cells and GSC2C (Fig. S4(c) and (d)). Based on these results, miR-18a was a possible upstream regulatory factor, which negatively regulated RORA expression by binding with the RORA 3′-UTR.Fig. 6miR-18a negatively regulated retinoic acid receptor-related orphan receptor A (RORA) expression by binding with the RORA 3′-UTR. (a) Identification of a miRNA that potentially regulated RORA expression based on Starbase, TargetScan, microRNA, and miRDB. (b) The mRNA expression correlation between RORA and miR-18a in 70 cases of glioma patients were detected by qPCR (*r* = −0.4987, *P* \< 0.001, Pearson\'s correlation analysis). (c) and (f) Schematic diagram of the putative miR-18a binding site in the 3′-UTR of RORA in humans. (d) and (e) Western blotting (d) and qPCR (e) showed the expression of RORA increased after miR-18a inhibitor treatment (T98G cells: *P* \< 0.001; GSC4D: *P* \< 0.001, Student\'s *t*-test). (g) and (h) MiR-18a inhibitor treatment increased the luciferase promoter activities of RORA ((g), T98G cells: *P* \< 0.001; (h), GSC4D: *P* \< 0.001, Student\'s *t*-test). All data are shown as the mean ± SD (from three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig. 6

3.7. RORA mediates the promoting effects of miR-18a in glioma {#sec0026}
-------------------------------------------------------------

miR-18a has been shown to be highly expressed in glioma and can affect proliferation, migration, and invasion of human glioblastoma cells by targeting neogenin. We also detected its expression using the CGGA database. MiR-18a was expressed at the highest level in WHO grade IV glioma and lowest in WHO grade II glioma (Fig. S5(a), *P* \< 0.001; one-way analysis of variance). miR-18a overexpression was associated with shorter survival according to Kaplan-Meier survival analyses (Fig. S5(b)). These results were completely contrary to those of RORA in glioma, so we further determined whether RORA was involved in miR-18a-regulated glioma proliferation.

We detected the proliferation of miR-18a inhibitor-treated T98G and GSC4D cells, and both the MTS and EdU assays showed that miR-18a inhibitor treatment inhibited the proliferation and decreased the percentage of EdU positive cells (Fig. S6(a)--(c)). However, miR-18a mimic treatment promoted the proliferation of U87 cells and GSC2C (Fig. S7(a)--(c)). Furthermore, the inhibitory proliferations of miR-18a inhibitor-treated T98G and GSC4D cells were reversed and even increased after RORA knockdown (Fig. S6(a)--(c)), while the promoted proliferation of the miR-18a mimic was also reversed after RORA overexpression (Fig. S7(a)--(c)). In addition, the neurosphere formation rate and relative size of the neurospheres formed by GSC4D were decreased after miR-18a inhibitor treatment, and were reversed after RORA knockdown (Fig. S6(d) and (e)). Similarly, miR-18a mimic treatment led to the opposite results (Fig. S7(d) and (e)).

3.8. miR-18a activates the TNF-α mediated NF-κB signaling pathway {#sec0027}
-----------------------------------------------------------------

We also detected whether miR-18a activated the TNF-α-mediated NF-κB signaling pathway. According to the results of western blotting, the expressions of TNF-α, p-P65, p-IκBα, and p-IKKα/β were all significantly upregulated after miR-18a mimic treatment in U87 cells and GSC2C (Fig. S8(a)). Conversely, the expressions of all these molecules were significantly downregulated following miR-18a inhibitor treatment in T98G cells and GSC4D (Fig. S8(b)). Moreover, the secretion of NF-κB-regulated cytokines were also increased after miR-18a mimic treatment in U87 and GSC2C and decreased after miR-18a inhibitor treatment in T98G cells and GSC4D (Fig. S8(c) and (d)).

3.9. RORA inhibits glioma tumorigenesis {#sec0028}
---------------------------------------

We then constructed orthotopic xenograft models to evaluate the effects of RORA on glioma tumorigenesis. The tumor volumes were decreased after RORA overexpression ([Fig. 7](#fig0007){ref-type="fig"}(a), *P* \< 0.0001; Student\'s *t*-test), and were accompanied by longer survival times and an increase in the median survival time (MST) from 27 to 41 days ([Fig. 7](#fig0007){ref-type="fig"}(b); *P* = 0.0471; log-rank test). However, the tumor volumes were enlarged after RORA silencing ([Fig. 7](#fig0007){ref-type="fig"}(c); *P* \< 0.0001; Student\'s *t*-test), and were accompanied by shorter survival times and decreases in the MST from 25 to 15 days ([Fig. 7](#fig0007){ref-type="fig"}(d); *P* = 0.0393; log-rank test). IHC was performed to detect the effects of RORA overexpression or silencing on tumor tissues. In the RORA overexpression group, the staining intensity and expression levels of Ki-67 and TNF-α were all decreased, while the opposite results were obtained in the RORA silenced group ([Fig. 7](#fig0007){ref-type="fig"}(e)). Taken together, these results suggested that RORA inhibited the tumorigenesis in nude mice.Fig. 7Retinoic acid receptor-related orphan receptor A (RORA) regulates glioma tumorigenesis. (a) and (c) Representative photographs showed that the sizes of intracranial tumors in the coronal position were decreased after RORA overexpression (a), while it increased after RORA was silenced (c). Scale bar = 10 mm. (b) and (d) Kaplan--Meier survival curves showed RORA overexpression shortened the survival times of nude mice (b), while it prolonged the survival times after RORA was silenced (d). For each group, *n*= = 5. (e) Representative immunohistochemical staining showing the changes in RORA, TNF-α, and Ki-67 after RORA overexpression and knockdown of orthotopic xenograft models. Scale bar = 50 μm. (f) Schematic diagram showing that the downregulation of RORA promoted the proliferation and tumorigenesis of glioma through the TNF-mediated NF-κB signaling pathway. All data are shown as the mean ± SD (three independent experiments). \**P* \< 0.05; ^⁎⁎^*P* \< 0.01; ^⁎⁎⁎^*P* \< 0.001.Fig. 7

4. Discussion {#sec0029}
=============

The decrease or deletion of the tumor suppressor gene is one of the most important causes of malignant tumors [@bib0033]. RORA was reported to be an important tumor suppressor gene in several cancers. RORA is a prognostic marker for hepatocellular carcinoma and suppresses hepatocellular carcinoma tumorigenesis \[[@bib0016],[@bib0034]\]. RORA can inhibit adipocyte-conditioned medium-induced colorectal cancer cell proliferation and migration and chick embryo chorioallantoic membrane angiopoiesis [@bib0035]. miRNAs cooperatively suppressed RORA and promoted the proliferation of oral squamous cell carcinoma via decreasing p53 protein expression and suppressing p53 phosphorylation activity [@bib0026]. RORA can downregulate β-catenin and function as a tumor suppressor in endometrial cancer [@bib0015]. However, there have been almost no studies of RORA in glioma. Hypoxia-induced glioma exosomes can lead to immunosuppression by activating the miR-10a/RORA and miR-21/Pten pathways in myeloid-derived suppressor cells [@bib0036].

RORA is essential for cerebellar development, and is involved in several central nervous system pathologies [@bib0037]. RORA is reduced in the brain and lymphoblastoid cell lines of multiple cohorts of individuals with autism spectrum disorder [@bib0025]. RORA is specifically upregulated in the Alzheimer\'s disease (AD) hippocampus and emerges as a gene with a probable central role in AD pathology/etiology [@bib0024]. Microdeletions overlapping RORA on 15q22.2 can also lead to epileptic seizures and mild intellectual disabilities [@bib0038]. However, it is not known whether RORA participates in the tumorigenesis and development of gliomas.

Although four isoforms of RORA (RORA1--RORA4) can be produced according to their different N-termini [@bib0039] in normal human tissues, RORA1 and RORA4 are the main two isoforms transcribed [@bib0014]. RORA1, rather than RORA4, is mainly expressed in the central nervous system and is correlated with unfavorable clinicopathological features of colorectal cancer patients \[[@bib0039],[@bib0040]\]. Therefore, isoform RORA1 was chosen in this study. We first detected the expression of RORA in both TCGA and the CGGA databases and found that RORA was expressed in low amounts in high WHO grades and IDH wild-type glioma patients. Similar results were all validated in our 70 cases of glioma patients. Although high RORA was associated with increased survival rates in all TCGA, CGGA databases and our 70 cases of glioma patients according to Kaplan-Meier survival analyses, statistical differences were only found in grade 3 and 4 glioma of our 70 cases of glioma patients and grade 4 of TCGA datasets. These differences may suggest that low RORA expression is associated with a poor prognosis mainly in GBM or grade 4 gliomas. We further conducted in vitro experiments to demonstrate the growth inhibiting effects of RORA in glioma cell lines and GSCs. All results from the MTS, EdU, and neurosphere formation assays showed that RORA overexpression inhibited the proliferation of T98G cells and GSC4D, while RORA knockdown led to the opposite results. Besides the orthotopic xenograft models, RORA overexpression inhibited glioma tumorigenesis and increased the survival times in nude mice. All these results indicated that RORA expression was decreased, which played an anti-tumor role and was associated with a good prognosis in gliomas.

To identify the possible mechanism of RORA\'s inhibitory proliferative effects in glioma, we conducted GSEA analyses based on TCGA and the CGGA databases. The results suggested that high RORA expression was involved in the negative regulation of the tumor necrosis factor signaling pathway. Inflammation plays a crucial role in growth of glioma tumors. Recent studies reported that inflammation plays an important role in the occurrence, development, and prognosis of glioma [@bib0041], [@bib0042], [@bib0043], [@bib0044]. TNF-α is a major regulator of inflammation, and is overexpressed and secreted in the tumor microenvironment [@bib0045]. TNF-α promotes the proliferation, migration, and treatment resistance of glioma via activating NF-κB signaling \[[@bib0046],[@bib0047]\]. Moreover, it has been reported that RORA plays an anti-inflammatory function in human macrophages, and RORA deletion increases the expression and secretion of a subset of NF-κB regulated genes, such as TNF-α, IL-1β, and IL-6 [@bib0048]. RORA suppresses TNF-α-induced VCAM-1 and ICAM-1 expressions, as well as translocation of p50 and p65 to the nucleus in human endothelial cells [@bib0049].

We determined whether RORA inhibited the TNF-α-mediated NF-κB signaling pathway. All qPCR, western blotting, and ELISA assays showed that RORA overexpression inhibited the expression and secretion of TNF-α. In addition, luciferase reporter assays showed RORA overexpression inhibited the transcription of TNF-α. Moreover, RORA overexpression in orthotopic xenograft models also showed downregulation of TNF-α expression. Detection of the NF-κB signaling pathway showed that RORA overexpression downregulated the expression of p-P65, p-IκBα, and p-IKKα/β, and secretion of the NF-κB-regulated cytokines (i.e., IL1β, IL6, IL8, IL10, IP-10, MCP1, and RANTES). It is known that IL1β promotes the proliferation of glioma cells via the ERK and JNK signaling pathways [@bib0050]. IL6 promotes the proliferation of glioma cells via the JAK2/STAT3 signaling pathway [@bib0028]. The inhibition of these NF-κB-regulated cytokines caused by RORA overexpression may be a possible mechanism for its inhibitory effects in glioma. Moreover, human recombinant TNF-α was treated in RORA-overexpressed glioma cells and GSCs, showing that the inhibiting effects of RORA were all abrogated.

We also discovered possible reasons for low RORA expression in glioma. MiRNAs are approximately 22 nucleotide long endogenous non-coding RNAs, which mainly lead to mRNA cleavage or translational repression via binding to the 3′-UTR of mRNAs [@bib0026]. It has been reported and confirmed that miR-10a, miR-27a-3p, miR-181a-5p, miR-183-5p miR-450, and miR-503 can all directly target RORA \[[@bib0015],[@bib0026],[@bib0036]\]. In our study, we predicted the miRNAs that might regulate RORA, by using Starbase, TargetScan, microRNA, and miRDB. Furthermore, miR-18a was the only intersection among these four databases. The qPCR, western blotting, and luciferase reporter assays all showed that miR-18a negatively targeted RORA expression. Moreover, miR-18a has already been reported to have a promoting effect in glioma. miR-18a was more highly expressed, and could promote the proliferation, migration, and invasion of glioma cells by targeting neogenin [@bib0027]. The opposite effects between RORA and miR-18a also supported the regulation of RORA in glioma by miR-18a. Furthermore, the MTS, Edu, and neurosphere formation assays also showed that RORA knockdown abrogated the inhibiting effects of the miR-18a inhibition in glioma.

5. Conclusion {#sec0030}
=============

In summary, RORA played an anti-tumor role in glioma and was expressed in low amounts in high grade glioma patients with a good prognosis. RORA inhibited the proliferation and tumorigenesis of glioma cell lines and GSCs via inhibiting the TNF-α-mediated NF-κB signaling pathway. Moreover, low RORA expression in glioma was possibly caused by the overexpression of miR-18a ([Fig. 7](#fig0007){ref-type="fig"}(F)). Therefore, RORA may be an important and promising therapeutic target in glioma.
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